M
eeting the food demands of a growing and increasingly affluent global population while simultaneously promoting more sustainable agriculture is a grand challenge for humanity 1, 2 . During much of the twentieth century, agricultural producers kept pace with demand either by bringing new lands into production (extensification) or by increasing the use of labour, machinery, energy, fertilizer and other inputs to raise yields (intensification). The consequences of extensification and intensification pathways are well understood, including biodiversity loss, greenhouse gas emissions, and soil and water quality degradation [3] [4] [5] [6] . Debates over the future of farming systems and agriculture continue to focus heavily on the socio-ecological trade-offs along extensification or intensification pathways for growth. Examples include extensive 'wildlife-friendly' farming to promote biodiversity, or 'sustainable' intensification to reduce the pressures of agriculture on tropical forests and other critical ecosystems [7] [8] [9] . And yet, most growth in global agricultural output since the 1990s has come not from intensification or extensification but from more efficient use of labour, land, capital and inputs that boost the total factor productivity (TFP) of agriculture 10, 11 . In high-income countries, growth in TFP has been strong enough since the 1980s to sustain rising agricultural output with considerable reductions in agricultural input use (Fig. 1a) . This trend suggests that focusing more on the role of TFP growth-essentially, doing 'more with less'-has the potential to be a game-changer in agricultural sustainability and the future of global farming. Indeed, a focus on TFP growth challenges the false dichotomy that productive agriculture is unsustainable and sustainable agriculture is unproductive. In theory, TFP growth could encourage synergies needed to bolster food production with fewer negative environmental externalities and more positive feedbacks to ecosystem services. Could this synergy also extend to enhancing the resilience of farming systems to external stressors, such as drought, disease and market volatility? In practice, we do not know. There is a paucity of empirical research on the actual trade-offs or synergies across these outcomes.
One explanation for our dearth of understanding arises from how we measure TFP. Typically, we compare at a national level the ratio of total output to a cost-share weighted 'basket' of marketed inputs (assuming constant returns to scale). Growth in TFP occurs when changes in management practices and technology yield more output with the same or fewer market inputs. As a result, the roles of ecosystem services, let alone feedbacks to the sustainability of their natural production systems, are not included in standard TFP calculations (for example, refs. 10, 11 ), in part because most natural capital and ecosystem service contributions to agriculture are not 'marketed' .
Because standard TFP measures omit important environmental and social outcomes, they cannot address the implications for sustainability or resilience of efficiency gains and output growth 12 . Sustainable and resilient farming systems can be drivers of TFP growth, but TFP growth can also be a pathway toward sustainable and resilient farming systems (Box 1). Both sustainability and resilience interact with the dynamics of productivity 13, 14 , aspects that are often ignored in TFP assessments of agro-ecosystems. Sustainability issues arise when productivity declines over time (for example, when soil erosion reduces land productivity). Resilience issues arise when adverse shocks to an agro-ecosystem have lasting negative impacts on productivity and farm viability. Sustained gains in agricultural productivity depend fundamentally on inputs of natural capital and ecosystem services in farming systems. Efforts to expand the measure of TFP growth recognize the limitations of a growth-only focus in agricultural development policy but tend to fall short of explicitly detailing the linkages among TFP growth, sustainability and resilience. Such linkages are particularly important in the context of climate change impacts on crop productivity 15 . Increased global agricultural output since the 1990s has been largely driven by innovations that raised the efficiency of use of labour, land, capital and other inputs-referred to as total factor productivity (TFP) growth. Yet debates over the future of farming still weigh heavily on models of agricultural land use and socioecological trade-offs along traditional (partial factor productivity) growth paths of 'intensification' or 'extensification'. Overlooking the role of TFP in the evolution of global agriculture not only obscures the changing drivers of productivity growth but also misses vital linkages with agricultural sustainability and farming system resilience. We describe two pathways for growth-technology-based and ecosystem-based-and link these in a heuristic framework that emphasizes sustainability and resilience outcomes in farming systems. Interdisciplinary research is urgently needed to empirically examine the dynamic interplay of TFP growth, farming system sustainability and resilience. Such insights will help to transform TFP growth as metric into actionable efforts on farms and beyond.
impacts, such as intensity of greenhouse gas emissions on farms 16 . The OECD's green growth accounting framework describes the concept of total resource productivity (TRP), which includes nonmarket environmental goods and ecosystem services in an 'environmentally adjusted' TFP 12 . Chambers 17 assesses agricultural TFP in the presence of by-products, such as environmental damages associated with pesticide use. But these new approaches do not provide sufficient spatial and commodity coverage and resolution, or (in most cases) the empirical depth needed to examine the dynamic interplay of sustainability and resilience outcomes with TFP changes in agriculture. Further inquiry is essential to improve farm systems management and public policy design that builds synergies in the agricultural sector by targeting productivity, sustainability and resilience.
Role of TFP in driving global agricultural productivity
Over the past 60 years, global agricultural output has grown by 2-2.5% per annum, with the primary driver initially being input intensification 10, 18, 19 . The global shift toward TFP growth became evident in the industrialized countries in the 1970s and in developing countries, especially Brazil and China, in the 1990s and 2000s 11, 20 . Agricultural TFP growth has also been associated with changes in relative resource use, as technological change has typically been 'biased': labour-saving, sometimes land-saving, but also fertilizer-using and pesticide-using 21, 22 . Innovations have often been responsive to resource scarcity-for example, labour-saving mechanization that reduces labour demand under rising wages, or the development of new varieties that are fertilizer-using when fertilizer prices are low. Technological change has also affected output mix. Most farms are multi-output enterprises reflecting synergies among crops as well as between crops and livestock (for example, ref.
23
). Yet agriculture has seen a general trend toward greater farm specialization, reflecting in part differential rates of productivity growth across outputs. Rapid productivity growth in corn or broiler chickens, for example, has stimulated farmers to become more specialized in these products. This trend raises questions about possible trade-offs between agricultural productivity, ecosystem functions and biodiversity 24 . Agricultural intensification during the Green Revolution contributed between one-half and three-quarters of output growth during the 1960s to 1980s (Fig. 1b) , largely attributable to improved seeds combined with more fertilizer, chemical inputs and water 25 . During this period, area expansion added less than 20% of output growth. By comparison, more efficient input use in the 1990s and 2000s contributed about three-quarters to growth in comparison to less than 10% from input intensification (Fig. 1b) . These TFP gains correspond with modern advances in genetic and genomic science that (in the case of genetically modified crops) allowed farmers to reduce inputs of pesticides, herbicides and labour on the basis of enhanced plant resistance. By providing additional options for weed control, biotechnology has affected tillage practices and contributed to reducing energy and herbicide use in US agriculture 22 . Interestingly, more of the underlying productivity gains in agriculture since the 1990s appear to have occurred in agricultural sectors other than 'grains' 10, 11 , including livestock 26, 27 . The ability to better decompose TFP as a metric to understand which sectors are experiencing productivity gains, as well as the drivers of those gains, would provide insights into how innovation could translate to different nutritional value of food supplies nationally and globally [28] [29] [30] . National TFP measures not only typically omit dynamic feedbacks to sustainability and resilience outcomes, they also rely on inference or more literally 'residuals' from aggregate national-level data rather than direct observation of farm activity. This makes it problematic to pinpoint the specific drivers at different scales, from farm to the regional economy. Identifying sources of TFP growth and their potential for resource savings is a critical first step to understanding whether and how these gains are likely to enhance (or reduce) agricultural sustainability and resilience.
In Fig. 2 , we draw on existing research to posit that TFP growth arises from technological and ecosystem-based approaches that interact through farm system management. The technological approach includes at least four main sources of TFP growth: (1) the gene revolution (for example, selective breeding, transgenesis and CRISPR genome-editing); (2) enhanced input delivery/precision farming; (3) hardware and data (for example, drones, robotics, automation and sensor technology); and (4) post-harvest management on farms that reduce losses (such as improved storage facilities, transportation and market information).
Innovation and adoption in these areas can generate significant savings in terms of inputs, labour and capital, and natural resources. If supported by land-use planning and policies to avoid new land clearing, such productivity gains could in turn affect the sustainability and resilience of farming systems. For example, genetically modified crops and precision agriculture may impose new costs (such as higher seed cost and application cost) but can result in net input savings, including reduced herbicide, pesticide, seed, fertilizer, fuel and energy. On-farm automation, information and data management systems reduce the time needed by farmers to run the farm. Improved storage and market information on prices, qualities and transportation/distribution opportunities can encourage larger actual harvests and improved efforts to store and haul for sale. Ecosystem-based approaches offer complementary sources of TFP growth that arise through the reliance on and maintenance of ecosystem services and biodiversity in agricultural production 31 , including biological pest control, pollinator management, integrated crop-livestock practices, and rotation and soil conservation.
Whereas pollination and pest control are ecosystems services to agriculture, integrated crop-livestock and rotations represent farm system management that enhances related ecosystem services both on-and off-farm (for example, erosion control and nutrient cycling) 32 and therefore potentially TFP. For example, no-tillage methods and rotational grazing can reduce environmental impacts and result in labour savings. Rotational grazing also results in capital savings by reducing the need for holding sheds and farm equipment. Management practices, such as crop rotation and drip irrigation, save on natural resources by conserving the quality and quantity of land and water used. The choice and implications for sustainability and resilience of drawing more heavily on technological or ecosystem-based approaches to TFP growth are context-dependent and require more research to identify the specific trade-offs entailed.
TFP growth for sustainable and resilient farming
A key goal of sustainable farming is to maintain or enhance productivity while minimizing social and environmental externalities both on farms and across agricultural landscapes (Box 1). Despite impressive gains in agriculture in the twentieth century, the dominant pathways of productivity growth-including massive growth in reactive nitrogen use and land system change-may ultimately have served to undercut the long-term sustainability of agriculture 33 . Agricultural productivity and the value of food depend critically on the sustainable use of ecosystem services and biodiversity, including crop pollination and pest regulation 34, 35 . Indeed, a more holistic accounting of the 'true' cost of food would require us to fully incorporate the environmental and other externalities associated with the drive for higher productivity 36 .
Resilience describes the capacity of systems to withstand adverse shocks and to recover quickly from their effects while maintaining their essential characteristics 37, 38 . In farming systems, many of these shocks, such as drought or disease outbreaks, are difficult to anticipate; this highlights the need for adaptive capacity to enhance resilience at the farm and landscape scale and to reduce systemic shocks that could undermine food security at larger scales. The role of resilience and adaptation to shocks are becoming more crucial in the face of climate change and more globally interconnected food systems. To the extent that food price spikes (driven by a confluence of factors, including extreme weather) have led to political instability and social unrest around the world 39, 40 , the challenge of both pursuing higher yields and maintaining their stability is a critical balancing act for public policy and agricultural producers. Understanding the links between TFP growth and farming system resilience therefore emphasizes the need to evaluate risk exposure and management strategies in agriculture at multiple scales.
More explicit analysis of the links between TFP growth and the sustainability and resilience of farming systems at the landscape scale would help to guide new pathways toward synergistic, locally relevant solutions (Fig. 2) . The landscape offers an intermediary unit of analysis between the agroecosystem and the region in which to assess the long-term capacity for agricultural production
Box 1 | Defining links between TFP, sustainability and resilience
Total factor productivity (TFP): a broad agricultural productivity metric that accounts for the contributions of all inputs to production, calculated as a ratio of total agricultural outputs (crop and animal products) to total inputs (land, labour, capital and resource inputs) 11 , where outputs and inputs are typically aggregated on a monetary unit basis. TFP growth occurs when total agricultural output grows faster than inputs. TFP can be contrasted with partial factor productivity which focuses on individual factors of production, such as land area. Sustainable agriculture and TFP: we define sustainable agriculture as that which conserves vital ecosystem services to farming systems that support long-term agricultural production while simultaneously maintaining and enhancing human well-being at different scales by minimizing impacts on nonfarm ecosystem services (sensu ref. 41 ). A tenet of sustainable development (Brundtland definition 60 ) is to meet the needs of the present without compromising the capacity of future generations to meet their needs. Therefore, although the capacity for sustained agricultural productivity growth is important, the ability for future generations to prioritize agricultural development pathways should also be considered. The implications of TFP growth pathways for social equity, environmental quality and economic viability at local to global scales are key considerations. Resilient agriculture and TFP: Resilient farming systems are able to adapt and cope with shocks or other external pressures while maintaining their essential structure and functions. With respect to TFP, resilient farming systems have sustained capacity to transform, learn and innovate despite uncertainties and surprises (sensu ref. 38 ). Key resilience considerations include the role of integrated feedback loops and cross-scale interactions in fostering adaptive capacity to withstand disturbances. In building farming system resilience through TFP, it is important to identify the key stressors affecting productivity (that is, resilience 'of what to what?') and social equity dimensions (that is, whose resilience is being addressed?).
Essential links between long-term agricultural productivity, sustainability and resilience. TFP can be enhanced by beneficial links to sustainability and resilience (sustainability and resilience enhance TFP growth), but farming system management also influences natural capital and ecosystem services at the farm and landscape scale through feedbacks or externalities (TFP growth pathways affect sustainability and resilience). and human well-being 41 . We argue that further attention should be directed to the role of landscape processes in TFP growth outcomes, including the potential for spatially explicit externalities and interactions among nearby farms that could accelerate farm system changes 42 . In general, sources of TFP growth beget considerable savings at the farm level which give rise to an array of TFP growth-related farming outcomes, ranging from higher planting densities and crop yields to lower water and energy use. These farming outcomes can in turn feed back to influence the landscape. For example, precision application that uses information technology in monitoring soil and crop conditions can help farmers to reduce fertilizer and pesticide use, thereby reducing environmental pollution and contamination and enhancing the prospect for agricultural sustainability at the farm and landscape scales 43, 44 . Lower input costs may increase farm resilience to economic and environmental shocks, especially for small-scale farmers in developing countries. Use of crop rotations or genetically modified crops can improve productivity by enhancing the resistance to biotic or abiotic stressors 45 -highlighting the potential synergies and substitutability among sources of TFP growth.
Farm-level links between TFP growth and sustainability or resilience outcomes can arise through both direct and indirect channels. No-tillage systems, for example, conserve not only soil and water but also labour invested, which can affect sustainability and resilience indirectly as farmers use the freed-up time to manage waste better or conserve water elsewhere on the farm. Dynamic land-use feedbacks, at the farm through landscape level, also shape sustainability and resilience outcomes associated with management practices and accordingly TFP growth. Water quality outcomes, for example, for agricultural and non-agricultural users depend on how many dairy farmers adopt riparian buffer strips-and where and how they do so-across space and over extended time horizons. Lewis et al. 42 explore these types of feedbacks in the Andes (for example, irrigation and high-biodiversity potatoes) and the United States (for example, organic versus conventional practices), providing a framework that explains spatial clustering of agricultural Technological innovation and ecosystem services are key inputs to TFP growth starting at the farm and landscape scales but with contributions from larger scales. Farm system management interacts with both technological and ecosystembased approaches. TFP growth can be contrasted with traditional growth pathways that are focused more on partial factor productivity (for example, area expansion and input intensification). TFP growth pathways can promote sustainability and resilience, for example, by reducing reliance on conventional inputs (land, fertilizer, water and pesticides) to increase agricultural output. When feedbacks from any growth pathway degrade ecosystem services to agriculture (such as pollination and biological pest control), ecosystem-based approaches to TFP growth will be undermined.
systems that can elucidate farm-landscape interactions for TFP, sustainability and resilience. Figure 2 offers a framework for assessing how key sources of TFP growth may link to outcomes at the farm and landscape scale, including plausible feedbacks-either positive or negative-for resilience and sustainability. Our assessment of these linkages suggests three key considerations for navigating the sustainability and resilience dimensions of TFP growth (Table 1) .
First, significant positive outcomes for sustainability and resilience arise from farm-level resource savings, but TFP growth is not a sufficient condition for socially or environmentally desirable outcomes. For example, genetically modified crops beget savings in inputs and promise conservation benefits as well as reduced vulnerability to pest and disease in the short run, but may increase pressure to use marginal lands that may be unsustainable in the long run. Genetically modified crops may also raise vulnerability to the development of genetic resistance 46 , which could eventually reduce resilience. In terms of equity, genetically modified seeds may be more expensive, raising issues of access to intellectual property for smallholder farmers in low-income countries 47 . Similarly, labour productivity arising from TFP growth will benefit farmers, but potentially at the detriment to the livelihoods of farm labourers who need to seek alternative employment 48 . Second, TFP growth may enhance sustainability but not necessarily the resilience of farming systems, and vice versa. Droughttolerant genetically modified crops can help farmers, especially in predominantly rain-fed areas, to withstand water shortages and grow more food 49 . This could enhance the capacity of these systems to adapt to drought while simultaneously weakening aspects of sustainability, for example by increasing the use of fertilizers and other chemical inputs associated with the production of higher-value crops in environmentally sensitive locations. Likewise, changes in crop mix-particularly a trend toward growing concentration of production in a small number of cereal and oil crops globallycould affect the resilience of crops to pests and pathogens 28 . Third, landscape effects are important and could reduce the synergies of TFP for sustainability. Based on historic yield and harvested area trends associated with agricultural intensification, it is not clear whether future yield increases due to innovation would be likely to reduce or increase cropland area in specific regions, or globally (see, for example, refs. 50, 51 ). As with the example of the droughttolerant genetically modified crop, rising returns from more efficient agricultural technologies and management practices could drive the incorporation of more marginal and fragile lands into production, resulting in further land clearing for this new production ('leakage'). Still, directionality outcomes are subtle. Specialization resulting from TFP growth, in which specific crops are better matched to land and soil types through enhanced land-allocation, has uncertain implications for landscape diversity, depending on the biophysical environment, farming system type and cost-price conditions. In more homogeneous landscapes, specialization can increase mono-cropping over large areas that reduce agrobiodiversity and potentially resilience of farming systems. Conversely, in regions with diverse soils, specialization could result in greater field heterogeneity and resilience of farming systems. Much work remains to deepen our understanding of the drivers of TFP growth and in turn their implications for sustainability and resilience of farming systems. This work will require attention to the interplay of farm and landscape levels with spatial and temporal feedbacks incorporated. It will also require deep system-level engagement of natural and social scientists to understand farmer behaviour, agricultural and ecological processes, and the potential for both synergies and trade-offs associated with efforts to integrate TFP growth with positive sustainability and resilience-building outcomes.
Five priorities for productivity research
Improved efficiency has become the primary driver of gains in agricultural output growth. It is time that research and development efforts in international agriculture expanded beyond, on one hand, the current focus on the impacts of intensification/extensification and, on the other, on TFP growth without explicit incorporation of the contribution of natural capital and ecosystem services to increased agricultural productivity. At the nexus of agricultural productivity, sustainability and resilience lies an array of research themes that merit much closer study. We identify five priorities.
(1) Decompose the drivers of TFP growth and their implications for sustainable farming. What is the relative contribution of each driver in Table 1 at the farm level and beyond the farm gate? How TFP growth occurs is important for several reasons. First, as highlighted in the literature on technical capacity and TFP growth 52 , global variation in TFP growth reflects significant national and regional differences in social investment in knowledge, infrastructure, institutional change, extension services and commercialization for their development and diffusion. Thus, TFP growth does not just 'fall out of the sky' . It originates from ongoing private and public efforts to advance the productivity of agriculture. A better understanding of the various sources will inform how to promote specific types of TFP growth with an eye to sustainability, resilience and social equity. As considerably more research effort has focused on the technological approaches to TFP growth than on ecosystembased approaches, it is critical to disentangle whether technologybased or ecosystem-based approaches have been (and will be) more important to sustainable growth.
(2) Attribute TFP growth to specific actions and their interactions across scales. Because most TFP measures are 'recovered' or inferred from national output and input data, it is inherently difficult to identify and attribute the specific sources of TFP expansion at the farm level. Attribution requires the construction of long-term panel datasets on both experimental and private farms to connect macro-level TFP phenomena with specific changes occurring at farm and/or regional levels. This, too, requires public-private cooperation and further scientific investigation, and it is a serious undertaking. Research efforts will need to capture the potential for TFP gains to arise at levels beyond the farm, such as information provision and post-harvest management (Fig. 2) , and for complex nonlinear feedbacks that might arise within and between human and natural processes at different scales across agricultural landscapes.
(3) Incorporate feedbacks and interactions between the two approaches to TFP growth. How do distinct sources of TFP onfarm and at the regional scale relate to sustainability and resilience outcomes? Fundamental gains will involve better specification of how the different sources of TFP growth highlighted in Fig. 2 shape sustainability and resilience outcomes across actual landscapes. Valuable precedents for this type of research are evident in bioenergy systems 53 , perennial cropping systems 54 and labour utilization 55, 56 . This requires attention to farm-level heterogeneity in terms of farming systems, size, tenancy, and crop type or livestock.
(4) Assess scale-dependency in TFP gains. What biases operate through TFP gains on farm size-across the distribution from small family farms to large farm enterprises-that may influence the sustainability and resilience of farming systems? A recent study 57 indicates that TFP growth often originates among smallholders, and TFP growth technologies-which often bring constant returns to scale-are not necessarily biased against them. Pushing the boundaries of TFP research to consider the linkages between farm size, TFP and sustainability will require integrative efforts by social and natural scientists, examining dynamics of TFP growth at multiple spatial scales, from farming system to globally.
(5) Consider temporal mismatches between TFP growth and ecosystem service outcomes. Does TFP growth foster path dependency in agricultural systems through, for example, sunk costs, making them more 'brittle' and less capable of coping with shocks and secular change? Temporal mismatches inherent in the relationship between agricultural productivity growth and its impacts on other ecosystem services stress the need to incorporate temporal dynamics in TFP analysis 58 . For example, time-lags can range from months to decades between the introduction of agricultural best management practices and measurable effects on water quality 59 . Bias in TFP measures themselves can arise from failure to account for improvements or deterioration in future production potential, similar to GDP measures that do not incorporate the depletion of natural resource bases.
Conclusion
Much more is needed in the drive for greater agricultural productivity than better measures of TFP. Research is required to measure explicitly both sources of TFP growth and their implications for the environment (on and beyond farms) and food supplies (including the nutritional quality of food). The potential for synergies between TFP growth and sustainability and resilience outcomes seems high because, in one way or another, TFP promises more outputs for lower material inputs. The main challenge, though, is similar to that in 'intensification': gains in productivity could push new land and resources into production, as in Jevon's paradox. Thus, TFP gains need to be weighed against societal consideration of the broader value for ecosystem services, biodiversity, food security and social equity. This calls for the will to use policies, such as taxes, subsidies and regulations, to pursue the best combinations of technological gains in agriculture and broader societal goals. The extent to which 'win-win-win' outcomes among agricultural productivity growth, farming system sustainability and resilience are possible could hold great potential for identifying and building on positive synergies between agricultural development, the environment and society in this century.
